Ocean bottom pressure (OBP) from the Gravity Recovery and Climate Experiment (GRACE) and the Ocean Model for Circulation and Tides (OMCT) are compared globally with OBP computed from altimetry corrected for steric variations from Argo floats from January 2005 to December 2007. Two methods of smoothing the GRACE data are examined. The first uses a standard Gaussian smoother with a radius of 300 km. The second method projects those smoothed maps onto empirical orthogonal functions derived from OMCT in a least squares estimation in order to produce maps that better agree with the physical processes embodied by the model. These new maps agree significantly better with estimates from the steric-corrected altimetry, reducing the variance on average by 30% over 70% of the ocean. This is compared to smaller reductions over only 14% of the ocean using the 300-km Gaussian maps and 56% of the ocean using OMCT maps. The OMCT maps do not reduce variance as much in the Southern Ocean where OBP variations are largest, whereas the GRACE maps do. Based on this analysis, it is estimated that the local, or point-to-point, uncertainty of new EOF filtered maps of GRACE OBP is 1.3 (one standard deviation).
Introduction
Other than tides, there are three main drivers of ocean bottom pressure (OBP) variability. Locally, the largest arises from changes in wind stress curl and circulation, which force internal mass redistribution. These OBP changes are typically correlated over several thousand kilometers, although even larger-scale exchanges between basins have been simulated in models (Stepanov and Hughes 2006) . There are also two smaller components of OBP variability that are correlated over most of the global oceans: the component resulting from water mass entering and leaving the ocean as part of the global water cycle (e.g., Chen et al. 1998; Chambers et al. 2004 ) and the component resulting from atmospheric mass exchange over the ocean and land (e.g., Ponte 1999) .
Ocean bottom pressure variations are associated with relatively small signatures in sea level, except in a few locations, most notably the Southern Ocean (e.g., Ponte 1999) . However, even the largest OBP variations are about 10 times smaller than the largest steric variations associated with El Niñ o or mesoscale eddies. Measuring OBP directly is difficult, which is why there was hope that the Gravity Recovery and Climate Experiment (GRACE) could provide the first global measurements of ocean bottom pressure (Jayne et al. 2003) . While GRACE has provided estimates of ocean bottom pressure on monthly intervals since late 2002, the accuracy and hence usefulness of the OBP measurements have been questioned. In fact, early estimates of the error in GRACE estimates of water thickness (equivalent to OBP over the ocean) assumed that the signal was dominated by noise (e.g., Wahr et al. 2004) .
However, more rigorous evaluations soon followed. Chambers et al. (2004) demonstrated that the timevariable global mass of the ocean was similar to that predicted by steric-corrected altimetry, at least for the seasonal cycle. Shortly after this, Bingham and Hughes (2006) used empirical orthogonal function (EOF) analysis and found a seasonal mode of OBP variation from GRACE that was similar to that simulated by a model. Chambers (2006a) also used EOFs to study the seasonal cycle of local steric sea level (SSL) from data and found that maps of altimetry corrected for OBP from GRACE agreed well with climatological maps of SSL. More recently, after discovery of a correlated error in the gravity coefficients that propagate into north-south ''stripes'' in the mapped GRACE data (Swenson and Wahr 2006) and new processing by the data centers (Bettadpur 2007) , the accuracy of OBP from GRACE has improved. Chambers (2006b) found an improvement from 20% to 50% (in terms of variance), depending on the amount of smoothing applied. Ponte et al. (2007) compared the newer data with output from an ocean model globally and found better agreement than had been observed in previous tests.
Recently, two new methods have been tested to further reduce noise in the GRACE data (Bö ning et al. 2008; Chambers and Willis 2008) . Both project noisy GRACE observations onto correlated patterns derived from ocean models to recover maps more consistent with the model dynamics. Bö ning et al. (2008) computed spatial cross correlations and coherent patterns from nonseasonal OBP output from a model and mapped the GRACE database on weights determined from the correlation. They compared the results with a set of OBP recorders and found increased correlation and lower RMS than for standard Gaussian-filtered GRACE maps. Chambers and Willis (2008) used EOFs from a model to determine coherent patterns and projected the GRACE data onto the patterns using the method of EOF reconstruction (EOFR; e.g., Smith et al. 1996) . The basic principle of the EOFR technique is that the spatial maps from a principal component analysis of gridded data are used as multiple basis functions in place of a single covariance function or smoothing functions in order to map sparser data. In essence, the sparse data are fit to a priori EOF spatial patterns in a least squares procedure to estimate the temporal coefficients for each mode. A set of scaling parameters equal to the number of EOF modes used is estimated for each time step. Then, a reconstructed grid is computed by multiplying the estimated scaling parameter for a particular month and the appropriate EOF spatial grid and then summing over all EOF modes. The technique works well, provided that the EOFs accurately represent the patterns of variability at the time of the data to be mapped.
When the EOFR technique is applied to mapped GRACE data, one essentially is projecting the data onto the model EOFs in order to filter out any physical processes that are not present in the numerical model. These processes can include nonrandom noise, systematic errors in the GRACE data, and geodetic signals (like earthquakes and hydrology variations) not related to the ocean state. Chambers and Willis (2008) found that the EOFR of GRACE data reduced noise in the maps significantly, but did not change the longwave variability significantly. The EOFR filtered data were checked against OBP estimated from altimetry corrected for steric variations computed from Argo floats. They found high correlation and low RMS differences, and both datasets observed a large increase in OBP in the subpolar gyre. It is important to note that the model used for the EOF patterns did not simulate the temporal trend very well. This suggested that the model was able to simulate the proper patterns of OBP variability, but not the amplitude and phase. By combining the GRACE and model EOFs, we were able to obtain a more accurate representation of OBP than using either method alone.
Although the method was only tested in the North Pacific, there is no reason to believe that similar results will not hold elsewhere. Here, we will extend the study of Chambers and Willis (2008) globally and validate against a global mapping of altimetry-Argo residuals. In addition to analyzing the EOFR maps, we will compare the original GRACE-only maps as well as the output from the model used to compute the EOF maps. In the next section, we will briefly review the data processing. In section 3, we will compare the GRACE and model OBP data with altimetry-Argo estimates and discuss the results.
Data processing
In this paper, OBP variation is expressed in terms of the equivalent barotropic sea level change (Dh), which is related to DOBP by
where r is an average density of seawater and g is the mean acceleration of gravity (e.g., Ponte 1999 (Chambers 2007) . For this study, we use maps of OBP that have been derived from the Center for Space Research (CSR) at the University of Texas, Austin, although the procedure can be applied to the data from any of the data centers. The data represent the full nontidal monthly ocean bottom pressure variation, including the effects of the mean atmosphere, mean ocean mass, and internal mass redistribution. We use the maps that have been smoothed with a 300-km Gaussian radius weighting function, similar to Chambers and Willis (2008) , in order to recover the smallest-scale OBP variations that are possible from GRACE. For the modeled OBP, we use output from the University of Hamburg Ocean Model for Circulation and Tides (OMCT) forced by European Centre for MediumRange Weather Forecasts (ECMWF) winds and pressure at 6-h intervals that is used in GRACE processing to model high-frequency variations in order to reduce aliasing (Thomas 2002; Flechtner 2007) . The output from this model is averaged over the same time intervals as a GRACE ''month'' and is reported by the data processing centers as sets of spherical harmonic gravity coefficients. We have used the CSR monthly averages of the OMCT output and, to be consistent, have mapped them to OBP using the same 300-km Gaussian function as the GRACE data.
OBP can also be estimated from satellite altimetry measurements of total sea level if the steric component is removed (e.g., Vivier et al. 2005) . Here, we use in situ temperature and salinity profiles from the Argo array of profiling floats to estimate the SSL correction between the surface and 900 dB. The processing steps are fully described in Chambers and Willis (2008) . The sampling of Argo profiles and altimeter data are very different in space and time, however. In a 10-day period, there is typically one profile in a 38 3 38 area, while there may be hundreds of altimeter measurements (at resolutions approaching 100 km) from multiple altimeters over the same area and time interval. To reduce sampling error in our mapping caused by the differing amounts of data, we do not map Argo data and altimeter data separately. Instead, we first interpolate altimetry sea level anomalies (SLAs) to each Argo profile in time and space. The SLAs are from high-resolution gridded maps based on multiple altimeters (Ducet et al. 2000) provided by the Archiving, Validation, and Interpretation of Satellite Oceanographic data (AVISO). We recenter the grids to the same time period as the Argo floats , and use bilinear interpolation to map the altimeter-gridded data to the time and location of the Argo profile. At this point, we have a set of total SLA from altimetry and steric sea level anomalies (SSLAs) from Argo floats at the locations of the floats. These are then differenced (SLA 2 SSLA) to obtain estimates of OBP anomalies at the same location and time. Estimates of OBP produced in this way will include some error resulting from steric variability that occurs below 900 m as well as nontidal sea level variability that occur on scales shorter than about 150 km and 7 days, and interpolation error. The pointwise OBP data are then mapped to monthly 18 grids using weighted averages, where the weights (W S ) are of the form of a spatial Gaussian function that is comparable to the function used for the GRACE maps,
where r is the distance (km) from the center of the grid for which the average is desired to the data point and R S 5 300 km to be consistent with the smoothing of the GRACE and OMCT data. Data within a radius of 1000 km were used to compute the average. However, a grid value was calculated only if the sum of the weights was greater than 4. This was done to ensure that a reasonable number of points near the grid center were used in the average and that the estimate was not biased toward observations farther away. There are also several subtle, but important, differences in the three OBP datasets that need to be discussed and corrected before they are compared. The GRACE data theoretically contain the OBP variation from all three components (internal ocean mass redistribution, global ocean mass change, and mean atmospheric pressure change), whereas the OMCT OBP data do not contain the global ocean mass component and the altimetry-Argo OBP maps do not measure the mean atmospheric pressure component (because of the inverted barometer correction applied to the altimetry data). Thus, we need to modify the data to make them consistent. Because we are comparing the GRACE and OMCT data to altimetry Argo data, we have made the GRACE and OMCT data consistent with those of altimetry-Argo. To do this, we first average the monthly OMCT grids globally to determine the time-variable mean OBP from atmospheric pressure, and then remove this from both the OMCT and GRACE data. After doing this, we average the GRACE data to determine the time-variable mean ocean mass component and add this to the OMCT data. No changes are made to the altimetry-Argo data in order to keep them completely independent of the other two datasets.
One also has to be careful with the data near land for several reasons. Because of the smoothing used and the relatively larger hydrology fluctuations, land water storage variations can leak into the GRACE data in coastal regions (e.g., Chambers 2006a). Although we have attempted to reduce this with an estimate of hydrology variability (Chambers 2007) , there will still be leakage error. Because Argo floats operate in deep ocean waters, any grid points in the altimetry-Argo maps for coastal waters are extrapolated from deep-water data. Finally, OMCT simulates the largest OBP variability in certain shallow-water areas, like the Indonesian Sea and South China Sea. These signals tend to dominate the lowest EOF modes unless they are edited out (e.g., Chambers and Willis 2008) . Therefore, before computing EOFs or
comparing maps, all data within 500 km of continents and major islands are masked. We will use the EOF reconstruction technique described by Smith et al. (1996) , which was used previously to filter GRACE data in the North Pacific (Chambers and Willis 2008) . Global monthly GRACE OBP grids are used as observations [O(x, t)] and the EOF modes from the monthly OMCT OBP maps are used as the spatial basis functions, a k (x). Associated time variations [W k (t)] are estimated for each month t and mode k to minimize
using linear least squares estimation. For each month, N parameters will be estimated. Reconstructed grids of OBP R(x, t) are then computed based on the estimated parameters (designated by the angle brackets)
EOFs were estimated from OMCT for the time span of August 2002-December 2008 and used in the estimation of hW k (t)i for monthly GRACE data over the same time period. Although the first four modes explained almost 90% of the variance in the North Pacific, we found that 10 modes were necessary in the global calculation to explain the same level of variance. We therefore use 10 modes to reconstruct GRACE maps used in this analysis.
Discussion of results
We have computed altimetry-Argo OBP maps from (Fig. 2) . However, because the models predict low OBP variability in most of the Atlantic, we deemed this sufficient coverage for our comparisons.
The standard deviation of the altimetry-Argo OBP is consistent with what one would expect from model simulations (Fig. 2) . The largest variations are in the Southern Ocean and the subpolar North Pacific, with smaller variability near the equator. To test the GRACE and OMCT OBP maps, they are differenced from the altimeter-Argo maps, and the standard deviation of the residuals in each 18 grid cell is calculated (Fig. 3) . The standard deviation was calculated in a grid cell only if at least 50% of the months had a value. A decrease in standard deviation indicates a good match between the two data, whereas an increase indicates a poor match.
The standard deviation of the residuals made with the 300-km smoothed GRACE data (Fig. 3a) increased over most of the ocean, except in the regions of the highest variability in the Southern Ocean (e.g., the South Indian Ocean), where there was a decrease. This corroborates other studies (e.g., Ponte et al. 2007 ) that found that the signal-to-noise ratio of these grids is poor except in regions of the highest variability. Although the residuals with OMCT have lower RMS over most of the ocean between 6458 latitude (Fig. 3b) , this cannot be attributed to the model alone because the original grids have very little variability here. It is likely due to the ocean mass correction, which has a standard deviation of nearly 1 cm globally. In fact, the standard deviation increases in several regions of high OBP variability in the Southern Ocean west of South America and in the North Pacific, and there is no change in the South Indian Ocean. This suggests that either the model variability is not properly simulating the timing of the OBP variability there, or there is a deficiency in the mapping of the altimetry-Argo data in these regions.
However, the fact that the standard deviation of the GRACE EOFR residuals is lower in all of these regions (Fig. 3c) suggests that the problem lies in OMCT. It is important to reiterate that although the OMCT EOFs were used in the EOF reconstruction, the phase and amplitude of the variability are determined solely by GRACE. The EOFR procedure also significantly reduces the noise in the original GRACE grids, which is reflected in the decrease in standard deviation over most of the ocean, compared to an increase with the original GRACE-only grids.
The changes are even more apparent when we plot the percent of variance reduction (Fig. 4) (Fig. 2) .
Here, we have computed the reduction so that positive values mean that the variance of the altimetry-Argo OBP has decreased when the GRACE or OMCT OBP has been subtracted, while a negative value means the variance has increased. The GRACE-only grids reduce the variance anywhere from 25% to 50% only in regions of high OBP variability (Fig. 4a) ; in most other regions the variance increases by very large amounts. Although the color bar only goes to 210%, values are as large as 2900%. OMCT grids (with the global mass correction) reduce the variance by a similar amount (Fig. 4b) , albeit mainly in regions of low OBP variability. The GRACE EOFR grids (Fig. 4c) , however, reduce the variance by 25%-50% in regions of both low and high OBP variability. In all, the GRACE EOFR data reduce variance by on average 28% for 70% of the ocean, whereas OMCT data reduce the variance by a similar amount for only 56% of the ocean. The overall variance of the altimetryArgo maps is 6.2 cm 2 . Compare this with 4.5 cm 2 for residuals from differencing with OMCT and 3.9 cm 2 for GRACE EOFR residuals. While the OMCT data do decrease the variance significantly (by 27%), the variance reduction using GRACE EOFR maps is even larger (37%).
The correlation statistics also indicate that the GRACE EOFR maps agree better with altimetry-Argo than the OMCT maps (Fig. 5) . The correlation is as low as 0.4 to 0.5 in the Southern Ocean and North Pacific with OMCT, but is typically more than 0.6 with the GRACE EOFR maps. Correlations above 0.4 are considered significant at the 1% level. The high correlation throughout much of the ocean is due to the large seasonal variation in global mean ocean mass, which is observed in both GRACE and steric-corrected altimetry (e.g., Chambers et al. 2004) . Correlations are lower only in regions where local OBP variations are much larger than the global mean ocean mass. The correlations in these regions are higher when the GRACE EOFR maps are used, though. On average, the altimeter-Argo-GRACE EOFR residuals have 22% smaller variance than altimeter-Argo-OMCT residuals south of 358S, and 6% smaller variance north of 358N, with insignificant differences between 358S and 358N. Likewise, the correlation between the altimeter-Argo grids and GRACE EOFR maps is 7% higher than with the OMCT maps south of 358S and 2% higher north of 358N, with only minor differences between 358S and 358N. Finally, monthly standard deviation of the global residuals (including the maps from 2004 that were not used in the previous statistics) indicates that the GRACE EOFR maps consistently agree better with the altimetry-Argo data than do the OMCT grids (Fig. 6) . There are only a few months when OMCT grids agree better with the altimetry-Argo grids than the GRACE EOFR data do. However, there are many instances where the GRACE EOFR maps give significantly smaller residuals for periods of up to a year (e.g., 2005). The variance difference is sometimes more than 80%. Both the OMCT and GRACE EOFR residuals have, on average, lower standard deviations after the middle of 2005. This is most likely due to reduced mapping error in the altimetry- error, we can infer a maximum uncertainty in the GRACE EOFR maps of 1.9 cm (one standard deviation), based on the standard deviation of the residuals. This, however, assumes that the altimetry-Argo maps have no error, which is, of course, overly optimistic. We know from tide gauge comparisons with altimetry that the altimeter data alone at this resolution have uncertainties at the 1-2-cm RMS level (Cheney et al. 1994) , and deep steric signals, below 900 dB, may cause similar errors in some regions (Roemmich et al. 2007 ). If we consider the combined effects of error in the GRACE and altimetry-Argo maps, then the standard of deviation of the residuals will be 
Because there is no reason to believe that the error in the GRACE and altimetry-Argo maps are correlated, then the third term in (6) will be approximately zero, so that
If we knew the uncertainty of the altimeter-Argo maps, we could calculate a better estimate of the uncertainty in the GRACE maps. Because we do not know this, we will assume they are of the same magnitude so that
Substituting in the observed value of the residual standard deviation (1.9 cm), we can solve for a lower bound of the uncertainty of 1.3 cm (one standard deviation).
Conclusions and future work
We have tested a method of further reducing noise in GRACE OBP data by projecting the data onto EOFs from an ocean model. The filtered maps were compared to independent estimates of OBP from steric-corrected altimetry from January 2005 until December 2007. The steric correction was derived from nearly coincident Argo floats. We also compared OBP from the ocean model (OMCT) that was used in the GRACE processing as an initial guess of the state estimation process. There has been a notion among many investigators that OBP variability observed by GRACE is mainly due to restoring the background (OMCT) model used in the processing. However, the results of this investigation clearly show that the GRACE data actually correct deficiencies in the model. Even without the EOF reconstruction filtering, the 300-km smoothed GRACE grids agree better with the altimetry-Argo data than the model in regions of high OBP variability. However, by combining the patterns of OBP variability from the model with GRACE data in the EOF reconstruction, we are able to significantly reduce the noise in the GRACE data and improve the maps of OBP.
There are two important implications for this study. The first involves using combinations of altimetry and GRACE to predict steric sea level (and heat storage) as proposed before launch by Jayne et al. (2003) , and then first tested by Chambers (2006a) , with only minor success. Although the Argo array is now nearly complete, there are still significant gaps before 2005, and there continue to be gaps in the Atlantic. Using altimeter data that are corrected for OBP from EOFR-filtered GRACE data is likely now a better initial guess and gap filler in the optimal interpolation than using climatological values. In addition, the altimeter-GRACE maps are likely a better longwave representation of the steric sea level and so will provide an improved reference.
The second implication is more subtle. The GRACE data contain gravitational signals related to ocean bottom pressure variability, but also geodetic signals related to gravitational changes on land. An example of this is the melting of ice on a glacier or ice sheet near the ocean (e.g., Tamisiea et al. 2001) . The gravitational pull of the grounded ice over time attracts water, making it higher than the mean geoid in the near field. If the ice melts, the attraction is reduced and sea level will drop near the glacier (e.g., Tamisiea et al. 2001; Bamber et al. 2009 ). This should be reflected in both the altimeter and GRACE measurements, but it is not included in the ocean model physics. By projecting the GRACE data onto the model EOFs, the resulting grids have variations only where the model predicts them. This may help to isolate the oceanographic signal from the geodetic one in the GRACE data.
The regularly smoothed GRACE grids (and altimetryArgo grids) will contain both the oceanographic and geodetic signals. Careful analysis of the residuals between altimetry-Argo and GRACE EOFR maps may reveal the global geodetic fingerprints of sea level change that are caused by present-day melting of grounded ice and land surface mass change. Although predicted (e.g., Tamisiea et al. 2001; Bamber et al. 2009 ), observational evidence of these global fingerprints has yet to be presented. The only evidence comes from analysis with a limited number of long tide gauge records, most of which are near the ice sheets (e.g., Tamisiea et al. 2001) . Discovery of the global fingerprints would have important implications for geophysics and our understanding of the patterns of past and future sea level rise. The patterns predicted by present theoretical studies are all based on models that do not reflect the exact density distribution AUGUST 2010 C H A M B E R S A N D W I L L I S of the earth (e.g., Bamber et al. 2009) , and the real selfgravitational pattern may differ significantly.
